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Abstract 
 
Species which play particularly important roles in ecosystem patterns and processes are 
recognised as keystone species or ecosystem engineers. The conservation of these species is 
critical for the maintenance of the ecological role they play in ecosystem function. The 
aardvark, Orycteropus afer, is known to play a role in biopedturbation through digging for 
refuges and for prey, and as a consequence of these digging activities is expected to serve 
the role of an ecosystem engineer and keystone species. This study aimed to describe and 
quantify the ecological patterns and processes driven by the aardvark through their digging 
activities, within the eastern Karoo, and thereby evaluate the significance of aardvarks as 
ecosystem engineers and keystone species in a semi-arid environment. The landscape 
pattern (dig abundance and distribution) and soil displacement of aardvark forage and 
refuge digs in a semi-arid Karoo landscape, as well as the ecological processes (generating 
fertile, seed retention hotspots) driven by aardvark forage digs was measured. Refuge digs 
occurred in the highest densities in areas characterised by a specific suite of soil, vegetation 
and elevation features, while forage digs occurred in high abundance in most habitats 
measured, and were likely driven by prey availability. Forage digs served as litter and seed 
retention hotspots, with accelerated decomposition rates of litter as a function of increased 
soil moisture in digs. The functional processes (i.e. resource capture, shelter for plants and 
animals, germination sites, soil aeration, organic turnover, mineralization rates, fertile soil 
displacement and transport) driven by aardvark digs are not restricted to refuge digs. Forage 
digs occurred in most habitats measured and their functional role is unique and perhaps 
greater across the landscape in comparison to refuge digs. The aardvark has a 
disproportionate effect in ecosystems, in terms of its refuge and forage digs relative to its 
abundance and therefore its role as a keystone species and ecosystem engineer is 
confirmed. Conservation and protection of this species is therefore essential to maintain its 
important role in ecosystem function.  
Keywords: allogenic engineer; Doringveld; conservation priority; endemic; germination 
hotspot; habitat heterogeneity; habitat restoration; Karoo; semi-arid environment; soil 
displacement  
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Chapter 1: General introduction 
 
Understanding the ecological role of species is important to assess how critical they are to 
ecosystem function. The aardvark, Orycteropus afer, is an African endemic and perhaps the 
most phylogenetically unique mammal in Africa and hence ranks foremost in conservation 
priorities (Kuntner et al. 2010). Known to play a role in biopedturbation through its digging 
for refuge and for prey (ants and termites), it is a possible ecosystem engineer and keystone 
species. This study sets out to assess the extent of aardvark digging and some of the 
ecological consequences of their digs in order to test this hypothesis. 
Ecosystem engineers and keystone species 
Species which play particularly important roles in ecosystem patterns and processes are 
recognised as keystone species or ecosystem engineers (Mills et al. 1993; Bond 1994; Folke 
et al. 1996; Jones et al. 1996; Jones et al. 1997; Bengtsson 1998). The conservation of these 
species is critical for the maintenance of these patterns and processes, and associated 
biodiversity (Paine 1995). Keystone species are defined by their critical role, whether by 
their activities or abundance, in maintaining the integrity and stability of the ecological 
communities to which they belong. This results in the unaltered persistence of these 
communities through time (Paine 1969). Examples of keystone species include: the 
carnivorous starfish, Pisaster ochracem (rocky intertidal zones on the west coast of North 
America; Paine 1969), the carnivorous triton gastropod, Charonia sp. (Great Barrier Reef; 
Paine 1969), the sea otter, Enhydra lutris (northern and eastern coasts of the North Pacific 
Ocean; Estes and Palmisano 1974; Estes and Duggins 1995) and the herbivorous pocket 
gophers, Thomomys bottae (northern Arizona, North America; Cantor and Whitham 1989).  
Further categorisation of keystone species according to their activities, has led to the 
description of “keystone modifier species” (Mills et al. 1993), “keystone process species” 
(Folke et al. 1996), or more commonly termed “ecosystem engineers” (Jones et al. 1996). As 
defined by Jones et al. (1996), ecosystem engineers create and modify habitats by causing 
physical state alterations in biotic or abiotic materials (e.g. burrowing in soil) and 
subsequently modulate the availability of resources to other species within the ecosystem. 
Examples of species described as ecosystem engineers include: the dam building beaver, 
Castor canadensis (North America; Naiman et al. 1986; Wright et al. 2002), the mound-
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building termite, Macrotermes michaelseni (sub-Saharan Africa; Dangerfield et al. 1998), the 
subterranean, herbivorous Plateau zokor, Myospalax fontanierii (Tibetan Plateau, China; 
Zhang et al. 2003) and the Indian crested porcupine, Hystrix indica (southern Asia and the 
Middle East; Boeken et al. 1995; Alkon 1999). 
For an animal to meet the criteria of a keystone species and ecosystem/ecological engineer, 
the spatial density of their constructs (digs, mounds, wallows, dams etc.) across the 
landscape must be high, where the range of impacts as a consequence of their activities 
makes the ecological importance of the animal disproportionate to its abundance (Jones et 
al. 1996; Power et al. 1996). Therefore it is important to measure the extent and ecological 
consequences of the activities (e.g. burrowing) of such species to gain a clear understanding 
of their conservation priority (Paine 1995) and to potentially facilitate their development as 
tools of natural habitat restoration (Wiegand et al. 1997; Dhillion 1999; James 2009). 
Biopedturbation 
It has been known for a long time that fossorial and semi-fossorial (i.e. adapted for 
burrowing; Lawrence 2008) organisms play a fundamental role in landscape development 
across most, if not all, of the earth’s terrestrial surfaces (Limb et al. 2010). Darwin (1892) 
was the first to describe the geomorphic impacts of earth worms, when he showed that 
they were key elements of soil mixing and aeration, changing the overall soil composition 
over time (Whitford and Kay 1999).  
Burrowing behaviour can be found in birds (e.g. the lyrebird, Menura novaehollandiae, that 
dig for food and also construct soil mounds;  Adamson et al. 1983; Paton et al. 1995), 
reptiles (e.g. the gopher tortoise, Gopherus polyphemus, that construct refuge digs; Ernst 
and Lovich 2009) and amphibians (e.g. the nest-building frog, Leptodactylus marmoratus, 
that digs a hole in the ground in which to lay its eggs; Butler 1995). However, the most 
obvious burrowers are the mammals, with just under half of the terrestrial mammal species 
listed in Walker and Paradiso (1968), reported as potentially significant in soil disturbance 
(Paton et al. 1995; Kinlaw 2006). Soil disturbance by mammals varies significantly, from the 
elaborate burrow systems (reaching kilometres in length) consisting of nesting chambers, 
latrine sites, food stores, retreat tunnels and forage tunnels of the naked mole-rat, 
Heterocephalus glaber (East Africa; Reichman and Smith 1990; Honeycutt 1992), to the 
small forage digs (approximately 16 cm long and 9 cm wide) generated by bat-eared foxes, 
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Otocyon megalotis (eastern and Southern Africa; Dean and Milton 1991) and seed caches (2-
3 cm deep) of the banner-tailed kangaroo rats, Dipodomys spectabilis (Daly et al. 1992). 
Numerous studies focus on an array of impacts of digging activities for a variety of 
burrowing mammal species (Haussmann 2016). Geomorphological studies on mammal 
burrowing often focus on the amount and rate of soil turnover (e.g. m3. ha-1. year-1) within 
specific environments and this is often translated to impacts on geomorphology and 
hydrology, which consequently influence animal and plant communities across the 
landscape (Whitford and Kay 1999; Garkaklis et al. 2004; Bragg et al. 2005; James 2009). The 
amount and rate of soil turnover can vary as a result of different environmental factors (soil 
particle characteristics, soil conditions and anthropogenic development; Smallwood and 
Morrison 1999).  
Among studies with an ecological perspective, alterations in plant and animal biomass, 
diversity and productivity have been associated with digging (through increasing habitat 
heterogeneity and thereby creating niche opportunities for other species; Whitford 1998; 
Alkon 1999; Whitford and Kay 1999; Zhang et al. 2003; Tews et al. 2004; Wright and Jones 
2004; Whittington-Jones 2006; Eldridge and Mensinga 2007; James 2009). For example 
digging by the European rabbit, Oryctolagus cuniculus, has been shown to increase the 
density and diversity of lacertid lizard species in Spain (Bravo et al. 2009) and digging by the 
Cape porcupine, Hystrix africaeaustralis, has been shown to create fertile sites by capturing 
water, organic matter, seeds and soil, increasing plant germination and recruitment (De 
Villiers and Van Aarde 1994; Bragg et al. 2005). 
The aardvark 
The aardvark, Orycteropus afer, first described by Pallas in 1766, is the sole surviving species 
of the Afrotherian order Tubulidentata (Springer et al. 1997; Arnason et al. 1999; Yang et al. 
2003).  Adept at burrowing, this species possesses powerful legs and long specialized claws 
for digging, both on the fore and hind feet (Kingdon et al. 2013). The aardvark is classified as 
a medium-sized mammal, with a total adult body length between 1.5 and 2.0 m and an 
adult body mass ranging between 40 and 82 kg (van Aarde et al. 1992; Taylor et al. 2002; 
Kingdon 2013). 
Described as obligate myrmecophages (van Aarde et al. 1992), the aardvark diet consists of 
termites (from the genera Allodontermes, Basidentitermes, Cubitermes, Hodotermes, 
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Macrotermes, Microhodotermes, Odontotermes, Pseudacanthotermes, and Trinervitermes; 
Taylor et al. 2002; Kingdon et al. 2013) and ants (from the genera Aenictus, Alaopone, 
Anoplolepis, Camponotus, Crematogaster, Dorylus, Messor, Monomorium, Pheidole, 
Solenopsis, Tetramorium, and Typhlophone; Taylor and Skinner 2000; Kingdon et al. 2013). 
Termites are predominantly fed on during the wet season, while ants are favoured during 
the dry season (Taylor et al. 2002). In order to sustain themselves feeding on such small 
prey, aardvark need to locate and feed on large quantities of these insects housed in large 
colonies (Kingdon et al. 2013). Once the prey is located the aardvark generally digs into the 
centre of the colony, where the majority of larvae and adults are housed, generating large 
cavities (hereafter forage digs) of up to 40 cm in diameter (Melton 1972; Kingdon et al. 
2013), and up to two metres in depth (Taylor et al. 2002).  
In addition to forage digs, aardvarks are renowned for their sometimes extensive refuge digs 
(Kingdon et al. 2013). These digs are scattered across each home range, varying in size and 
complexity and are significantly larger than forage digs (Kingdon et al. 2013). Less complex 
refuge digs comprise a short tunnel of about 40 cm in diameter and up to 3 m in length, 
with a single round chamber at the terminal end (Kingdon 2013; Kingdon et al. 2013). More 
complex permanent refuge digs can consist of up to eight different entrances with several 
different chambers connected by short lateral tunnels, spanning a length of up to 10 m and 
descending as deep as 6 m (Kingdon et al. 2013). In areas with an abundance of aardvark, 
these more established dens can be occupied by two to three different individuals at a time, 
predominantly breeding females and their offspring (Kingdon et al. 2013).  
Distributed throughout Sub-Saharan Africa, the aardvark has been recorded in a wide 
variety of habitats, including savanna, woodland, grassland, shrubland, and even rainforests 
in central Africa (van Aarde et al. 1992; Taylor and Skinner 2004; Whittington-Jones 2006). 
Aardvarks however generally favour areas with sandy, loose, deep soils, where it is easier to 
dig and excavate their prey and are generally not found in rocky mountainous regions or 
deserts (van Aarde et al. 1992; Taylor et al. 2002; Taylor and Skinner 2003; Whittington-
Jones 2006).  
Currently listed as “Least Concern” on the IUCN Red List of Threatened Species, the aardvark 
is relatively common in areas with suitable habitat (Lindsey et al. 2008). Among the threats 
to the aardvark are over-harvesting through the bush meat and traditional medicine trades, 
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together with disturbance through human activities, where their numbers are certainly 
reduced in areas with anthropogenically altered habitat (Melton 1976; Lindsey 1999; 
Skinner and Chimimba 2005; Whittington-Jones 2006).  In central and West Africa in 
particular, these anthropogenic threats are likely resulting in aardvark population declines 
(Kingdon et al. 2013). Increased temperatures and aridity (driven by climate change) are 
expected to become more prevalent throughout much of the aardvark’s range and is 
predicted to negatively impact the physiological well-being of aardvark and/or the 
availability of their prey. This will have devastating consequences on aardvark populations 
(Weyer et al. 2016). With the loss of the aardvark, the key ecological role they play will be 
lost as well. 
The ecological importance of the aardvark 
The aardvark, although poorly researched, is expected to serve the role as a ecosystem 
engineer and hence a keystone species, where their digs are proposed to play a significant 
role in ecosystem functioning (Kinlaw 2006; Whittington-Jones 2006). The aardvark is 
further categorised as an allogenic engineer, as they alter the environment by modifying 
non-living matter (i.e. soil) through digging (Whittington-Jones 2006). The aardvark and 
their digs maintain plant and animal diversity, especially within semi-arid environments, by 
providing refuge for a large variety of invertebrate and vertebrate species, some of which 
have been described as critically endangered, such as the blue swallow, Hirundo 
atrocaerulea (Jenkins 1990; Dean and Siegfried 1991; Bond 1994; Taylor and Skinner 2000; 
Skinner and Chimimba 2005; Evans and Bouwman 2010; Haynes 2012).  
In addition, aardvark digs are expected to have a significant influence on the vegetation 
dynamics of semi-arid environments, by serving as traps for plant litter, seeds and water, as 
well as germination sites (Dean and Milton 1991; Boeken et al. 1995; Alkon 1999; 
Whittington-Jones 2006). Like other burrowing animals, through altering the soil profile, 
generating great soil turnover, enhancing water infiltration rates, altering soil chemistry, 
and increasing soil porosity (Gabet et al. 2003; Eldridge 2004; Garkaklis et al. 2004; Bragg et 
al. 2005; Kinlaw 2006), aardvark digs likely maintain plant diversity (Boeken et al. 1995; 
Wilby et al. 2001; Whittington-Jones 2006).  
Aardvark allegedly play a role in the seed dispersal of the aardvark cucumber, Cucumis 
humifrucutus, a rare geocarpic plant with a limited distribution (Meeuse 1958; Kingdon et al. 
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2013). It is suggested that the aardvark digs for and consumes the fruit of the aardvark 
cucumber (which grows underground), for its moisture content. The seeds are then 
dispersed through droppings and as such the plant is often found growing at the entrances 
of refuge digs, where droppings are regularly deposited (Meeuse 1958). However, an 
aardvark consuming the fruit of this plant has never been directly observed and it is 
suggested that they lack the mouth parts required to break open the tough rind of the fruit. 
Furthermore, the water requirements of the aardvark are satisfied through the 
consumption of ants and termites (Kingdon et al. 2013) and through drinking from rivers, 
dams and even ephemeral puddles (Kerley and Tompkins 2017). 
Research has been conducted on fossorial and semi-fossorial mammals (Lawrence 2008) of 
Australia, North America and Africa (Dean and Milton 1991; Alkon 1999; Ceballos et al. 
1999; Eldridge and Simpson 2002; Kerley et al. 2004; Bragg et al. 2005; James and Eldridge 
2007; James et al. 2009; Travers et al. 2012), however no attempt has been made to provide 
a comprehensive overview of the ecological importance (both biotic and abiotic) of the 
aardvark and its digs. Past research that has been conducted on the ecological importance 
of aardvark digs, has almost exclusively been focused on refuge digs (Taylor and Skinner 
2003; Whittington-Jones 2006; Whittington-Jones et al. 2011), consequently omitting the 
opportunity to assess the ecological importance of forage digs, which may be in far greater 
abundance and more evenly distributed across the landscape.  
There is a positive relationship between body size of burrowing animals and the size of digs 
they generate (Vleck 1981; Van Vuren and Ordeñana 2012; Haussmann 2016). The aardvark 
as a medium sized mammal could be described as the dominant digger of Africa in terms of 
body size and size of digs generated, compared to other smaller bodied semi-fossorial 
species, such as the Cape porcupine (Bragg et al. 2005), meerkat, Suricata suricatta (Rafferty 
2011), Cape ground squirrel, Xerus inauris (Herzig-Straschil 1978), fennec fox, Vulpes zerda 
(Larivière 2002) and South African springhare, Pedetes capensis (Skinner and Chimimba 
2005). As such, the ecological role of the aardvark as the dominant digger of Africa may be 
greater in comparison to its African counterparts, which suggests that it should be of 
conservation priority.  
Therefore this project seeks to explore the possible role of the aardvark as a keystone 
species and ecosystem engineer, through its digging activities.  
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Broad research aim and objectives 
This study aims to describe and quantify the ecological patterns and processes driven by the 
aardvark through their digging activities, within the eastern Karoo and thereby evaluate the 
significance of aardvarks as ecosystem engineers and keystone species in a semi-arid 
environment. Based on the criteria of an ecosystem engineer and keystone species, given by 
Jones et al. (1996) and Power et al. (1996), the key objectives of the study are to describe 
the landscape pattern (dig abundance and distribution) and soil displacement of aardvark 
forage and refuge digs in a semi-arid Karoo landscape (Chapter 2), as well as the ecological 
processes (generating fertile, seed retention hotspots) driven by aardvark forage digs 
(Chapter 3). 
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Chapter 2: Landscape pattern and extent of aardvark forage and refuge digs 
in a semi-arid Karoo landscape 
 
Introduction 
Soil disturbance by animals (biopedturbation) plays a fundamental role in the establishment 
of spatial and temporal heterogeneity across landscapes (Whitford and Kay 1999; Reichman 
and Seabloom 2002; Eldridge 2004). Digs by semi-fossorial species [such as the Cape 
porcupine (Bragg et al. 2005), meerkat (Rafferty 2011), Cape ground squirrel (Herzig-
Straschil 1978), fennec fox (Larivière 2002), South African springhare (Skinner and Chimimba 
2005) and aardvark (Melton 1976; Larivière 2002; Bragg et al. 2005)] are expected to act as 
resource “sinks,” capturing water, nutrients, organic matter, soil and seeds, generating 
fertile patches in semi-arid environments (Dean and Milton 1991; Boeken et al. 1995; 
Whitford and Kay 1999; Wilby et al. 2001; James and Eldridge 2007).  These digs represent a 
vital pedogenic process of soil mixing, where soil from deeper soil horizons is displaced to 
the surface, facilitating landscape scale processes such as soil erosion and transport. This 
soil turnover by burrowing animals significantly alters geomorphology, hydrology, animal 
and plant communities (Whitford and Kay 1999; Garkaklis et al. 2004; Bragg et al. 2005; 
James 2009). Consequently, the species which generate these digs are often termed 
ecosystem engineers, as they create, modify and maintain habitat by regulating the 
availability of resources to themselves and other organisms (Boeken et al. 1995; Jones et al. 
1996; Wilby et al. 2001; Reichman and Seabloom 2002; Whittington-Jones 2006; Fleming et 
al. 2014).   
Due to their size and abundance, aardvark forage and refuge digs are the most noticeable 
forms of soil engineering across Sub-Saharan Africa (Taylor and Skinner 2004; Whittington-
Jones 2006; Kingdon 2013). Furthermore, the aardvark has been recorded in savanna, 
woodland, grassland, shrubland and even rainforests in central Africa, generating soil 
disturbance in a wide variety of habitats (van Aarde et al. 1992; Taylor and Skinner 2004; 
Kingdon et al. 2013). This suggests a possible leading role in comparison to other African 
semi-fossorial species (Chapter 1), which can be confirmed by the evaluation of dig size, 
pattern (i.e. abundance and distribution of digs) and soil displacement of their digs across 
the landscape.  
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Existing literature on aardvark digs is mostly descriptive of function (i.e. forage or refuge) 
and average size (size descriptions are discussed in Chapter 1). Research has shown that in 
one night of foraging an individual aardvark can travel up to 30 km, excavating numerous 
exploratory trenches and forage digs. It generally returns to the same refuge digs scattered 
throughout its home range of up to 302 ha (van Aarde et al. 1992; Taylor and Skinner 2003). 
Consequently aardvark forage digs are likely more abundant than refuge digs across 
extensive areas of a landscape.  
The pattern and extent of aardvark digs across landscapes has not previously been 
quantified. Although dig densities have been measured (Roberts 1951; Whittington-Jones 
2006), the focus of these studies has been exclusively on refuge digs (which are expected to 
have a limited spatial extent; van Aarde et al. 1992; Taylor and Skinner 2003), with the 
exception of Dean and Milton (1991), who reported a forage dig density estimate for dwarf 
shrubland (Pentzia veld) in the Karoo. Therefore, there is a gap in existing literature on 
forage digs, which although smaller in size than refuge digs (Melton 1972; Kingdon 2013; 
Kingdon et al. 2013), are likely far more abundant across the landscape (van Aarde et al. 
1992; Taylor and Skinner 2003) and consequently would have a potentially greater 
ecological role in determining resource patchiness (Eldridge and Mensinga 2007; James 
2009). 
There is little understanding of how aardvark dig patterns may vary according to landscape 
features such as elevation, vegetation features and soil features. These features have been 
found to alter dig patterns in other species, such as banner-tailed kangaroo rats (Andersen 
and Kay 1999) and Wyoming ground squirrels, Spermophilus elegans (Laundré and Reynolds 
1993). Mounds of banner-tailed kangaroo rats were recorded at greater densities in habitats 
with greater abundances of annual forbs and grasses and coarse soils (particles >2mm; 
Andersen and Kay 1999). Burrows of Wyoming ground squirrels were deeper, longer, and 
more complex in soils with greater clay and silt contents (Laundré and Reynolds 1993).   
Although literature supports environmental features (i.e. elevation and soil features) as 
likely drivers of aardvark refuge digging (van Aarde et al. 1992; Taylor and Skinner 2003), it 
is assumed that prey distribution is rather a driver of aardvark forage digging across a 
landscape (van Aarde et al. 1992; Lindsey 1999; Taylor et al. 2002; Taylor and Skinner 2003; 
Taylor and Skinner 2004), and the environmental features are drivers of prey distribution 
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(Koen and Breytenbach 1988; van Aarde et al. 1992; Lindsey and Skinner 2001; Levick et al. 
2010; Davies et al. 2014). Descriptions of aardvark forage and refuge digging according to 
these environmental features and prey distribution are important as they ultimately 
determine the extent of digs and therefore resource patchiness (Laundré and Reynolds 
1993; Reichman and Seabloom 2002; Kerley et al. 2004). 
The objective of this chapter was to identify and describe the patterns and extent of 
aardvark forage and refuge digs within a semi-arid Karoo landscape, by evaluating the 
variation thereof in relation to environmental features (i.e. elevation, vegetation type, soil 
features and prey features) and the estimated process level consequence (i.e. soil 
displacement) of these digs across this landscape. By assessing patterns and extent of 
aardvark digs, this chapter aimed to describe potential patch creation across the landscape 
and thereby evaluate the role of the aardvark as an ecosystem engineer and keystone 
species (Jones et al. 1996). 
The hypothesised role of aardvark as an ecosystem engineer through patch creation, can be 
summarized in the pattern of an uneven distribution of digs (with forage digs occurring in 
greater abundance across the landscape) as a function of a specific suite of elevation 
features, vegetation features (i.e. basal vegetation cover), soil features (i.e. clay, sand, silt 
and loam composition) and prey features (i.e. distribution of forage digs into ant and 
termite colonies). Thus it is expected that areas of high forage and refuge dig density and as 
a consequence greater soil displacement, will be characterised by deep alluvial soils with 
high clay contents (Laundré and Reynolds 1993; Skinner and Chimimba 2005) and low basal 
vegetation cover (Reichman and Seabloom 2002). It was further predicted that because 
mound-building termite species from the genus Macrotermes, predominantly build their 
nests in well-drained, sandy-clay soils (van Aarde et al. 1992; Levick et al. 2010; Davies et al. 
2014), a higher proportion of aardvark forage digs into termite mounds will occur in habitat 
types at higher elevations above the seep line of the river.  
Methods 
Study Site 
Samara Private Game Reserve (hereafter Samara; 32°21’41.67’’S, 24°50’19.60’’E) is located 
in the Eastern Cape Province of South Africa, 30 km south east of Graaff-Reniet (Fig. 3.1; De 
Fortier et al. 2014). Samara falls within the eastern Karoo and covers approximately            
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28 000 ha, comprising of a large diversity of habitat types and landscapes, including 
mountains, plains, deeply incised valleys, escarpment slopes and plateaus (Van Cauter et al. 
2005).  
Figure 3.1. Location of Samara (shaded) within the Eastern Cape, South Africa (inset), and in 
relation to Graaff-Reinet. 
 
Vegetation 
The reserve includes representatives of four of South Africa’s nine biomes; Nama-karoo, 
Savanna, Grassland, and Albany Thicket biomes (Mucina and Rutherford 2006). Pentzia veld, 
consisting of small shrubs, grasses and other small arid-adapted plants (i.e. forbs, succulents 
and geophytes), is represented on the southern plains of the reserve (Van Cauter et al. 
2005). Doringveld, situated along the major drainage lines of the Melk and Apies rivers, is 
comprised of a discontinuous tree layer with an understory consisting of grasses and a few 
karroid species (Fig. 3.2; Van Cauter et al. 2005). The Sweet grassland habitat type, 
occurring on the reserve’s mountain plateaus, comprises a short and simply-structured 
herbaceous habitat, dominated by grasses which are palatable year round (Fig. 3.2; Van 
Cauter et al. 2005). Temperate, mesic (Bosberg thicket), non-succulent (Valley thicket) and 
succulent (Spekboom and Xeric spekboom thicket) thicket habitat types, are dominant 
throughout, covering around 71% of the reserve (Fig. 3.2; Van Cauter et al. 2005). These 
thicket types consist predominantly of dense (impenetrable in undisturbed areas) evergreen 
shrubs, succulents and woody trees (Vlok et al. 2003; Mucina and Rutherford 2006). Signs of 
transformation are evident in some areas of thicket, due to historic goat and sheep farming 
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(De Fortier et al. 2014). Mosaics of Sweet grassland with Temperate thicket (Sweet 
grassland/Temperate thicket mosaic) and Sour grassland (Suurpol/Temperate thicket 
mosaic) exist on the mountain plateaus (Fig. 3.2; Van Cauter et al. 2005).  
Figure 3.2. Distribution of habitat types within Samara Private Game Reserve (from Van 
Cauter 2004). 
Geology and topography 
The topography of the property ranges from the high ridges of the Great Escarpment and 
South African plateau, reaching heights of roughly 1400 m above sea level, to the flat open 
Karoo plains at about 750 m above sea level (Van Cauter et al. 2005; Clements 2012; De 
Fortier et al. 2014). The reserve is underlain by the shale-dominated Beaufort bedrock 
group, which has been extensively intruded by Karoo dolerite which is more resilient to 
weathering (Visser 1986). This has resulted in the uneven topography of the reserve (Van 
Cauter et al. 2005). Samara is also transected by the Melk and Apieskloof river drainage 
systems, cutting into the escarpment in a north to south direction (Clements 2012).  
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Soils within Samara follow a typical catenal pattern of rocky shallow soils distributed on the 
steep upper slopes of the escarpment and deep fine textured soils distributed across the 
lower valley plains (Watkeys 1999).   
The southern plains of the reserve (Pentzia veld), are characterised by alkaline, sandy-clay 
loam soils which are weakly structured (i.e. fewer cohesive aggregates are present in the 
soil profile) and skeletal (i.e. containing a greater volume of rock fragments, pebbles and 
gravel; Watkeys 1999; Mucina and Rutherford 2006). Soils on the riverine flats (Doringveld) 
are recently developed sandy-clayey alluvial deposits, occurring on mudstone and 
sandstone (Mucina and Rutherford 2006). Areas dominated by thicket are characterised by 
heavy clayey soils (but in some areas may be sandy) occurring on mudstone, sandstone and 
shale (Vlok et al. 2003; Mucina and Rutherford 2006). The mountain plateau areas 
dominated by Sweet grassland and Sweet grassland/Temperate thicket mosaic are 
characterised by clayey, shallow, high fertility soils due to the low levels of nutrient leaching 
and occur on shales, mudstones, and sandstones (O'Connor and Bredenkamp 1997; Van 
Oudtshoorn 1999; Palmer and Ainslie 2005). 
Climate 
Falling within a semi-arid region, Samara receives approximately 330 mm of rainfall per year 
with the wet season in the summer months, from November to March (Van Cauter et al. 
2005; Pasternak et al. 2013). The dry season occurs in the winter months (April to 
September), when the occasional rainfall is due to sporadic deep cold fronts (Pasternak et 
al. 2013). Due to the susceptibility of the Karoo region to extended drought periods, the 
reserve is subjected to highly variable average monthly rainfall (Clements 2012). 
Temperatures range from a mean maximum of 27°C to a mean minimum of 10°C across the 
year (Pasternak et al. 2013). During the coldest month of July, snow falls on the surrounding 
mountains and temperatures drop to about 4°C during the day. During the hottest months 
of December and January temperatures can reach 34°C during the day (Pasternak et al. 
2013). 
Data collection 
I measured the abundance and distribution of aardvark digs of differing functions (i.e. 
forage and refuge) across the landscape and associated these digs with habitat type 
(differentiated by vegetation and soil features) and elevation.  
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Aardvark forage digs were identified according to the characteristic large claw marks, the 
arrow-head shape of the dig, the distinctive soil heap at the rear and often the evidence of 
ant or termite colonies within the digs (Melton 1972; Taylor et al. 2002). Cape porcupine 
forage digs are often of similar size to small aardvark forage digs, however they are easily 
discernible by evidence of small claw marks, rounder shape, absence of the distinct soil 
heap and evidence of gnawed roots and bulbs (Bragg et al. 2005; Skinner and Chimimba 
2005).  
Aardvark refuge digs were identified by their distinctive large tunnel openings of about 40 
cm in diameter and depth greater than 2 m (Kingdon 2013; Kingdon et al. 2013), which is 
larger than that of other burrowing species (e.g. meerkat, Cape ground squirrel and South 
African springhare). Meerkats dig complex warren systems with multiple openings with an 
average diameter of 15 cm. Cape ground squirrel burrow openings are oval shaped and have 
an average width of 14 cm and height of 11 cm (Skinner and Chimimba 2005). Springhare 
dig systems have oval-shaped openings of width 10 – 23 cm and height of 12 – 25 cm 
(Skinner and Chimimba 2005).  
Smaller, shallower digs (3 cm – 2 m in depth) with a clearly visible dig termination, which 
often had evidence of either an ant or termite colony, were described as forage digs 
(Melton 1972; Kingdon 2013; Kingdon et al. 2013). Larger, deeper digs (> 2 m in depth) with 
no visible tunnel termination were described as refuge digs (Kingdon 2013; Kingdon et al. 
2013). The targeted prey (ants or termites) in each forage dig encountered was recorded, if 
evidence of the prey was visible within the dig. 
Digs which showed extensive evidence of weathering, such as soil infilling, collapse and 
plant overgrowth were not recorded.  
To determine the abundance and distribution of aardvark digs across the landscape, five 
belt transects were sampled across the catena, from the upper eluvium (mountain plateau) 
to the lower alluvium (river), as per Kerley et al. (2004) (Fig. 3.3). Sampling of these 
transects was conducted by four observers assigned to maintaining the transect width and 
finding aardvark digs, accompanied by two observers assigned to record GPS locations and 
dig measurements. These measurements included the maximum length, perpendicular 
width and depth of each dig.  The four observers were positioned 5 m apart from each other 
(for a total transect width of 20 m) and walked in a line at a similar pace perpendicular to 
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the centre of the transect. The spacing was maintained by each observer holding a 5 m long 
pole in the centre and horizontally, and touching the ends of the adjacent observer’s pole 
on each side. In addition to the catenal transects, ten transects (width of 10 m and length of 
1 km) were sampled on the mountain plateau (five transects in Sweet grassland and five 
transects in Sweet grassland/Temperate thicket mosaic) and a further ten on the alluvial 
plains (five transects in Doringveld and five transects in Pentzia veld; Fig 3.3). Digs were 
similarly GPS located and measured. Placement of the mountain plateau and alluvial plains 
transects was done in such a way as to sample habitat types, which were not sampled in the 
catenal transects. A total of 40 ha were measured across all catenal, mountain plateau and 
alluvial plains transects. 
Figure 3.3. Locations of the Catenal belt transects, Alluvial plain transects (separated 
between Doringveld and Pentzia veld) and Mountain plateau transects (separated between 
Sweet grassland and Sweet grassland/Temperate thicket mosaic) within Samara. 
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Data analyses 
Dig abundance  
Total abundances and densities were calculated for forage and refuge digs, across all 
catenal, mountain plateau and alluvial plains transects sampled. 
Dig distribution and preference 
Dig locations were superimposed onto existing spatial data of vegetation types and 
elevation gradients (Van Cauter 2004). Dig locations falling within the boundaries of each 
vegetation type and elevation category (category size: 60 m.a.s.l.; range: 720 – 1380 m.a.s.l.) 
were converted to forage and refuge density (digs per ha) estimates for each habitat type 
and elevation category. A χ2 goodness-of-fit tested the null hypothesis that forage and 
refuge digs were distributed evenly across habitat and elevation categories (Quinn and 
Keough 2002). 
 
Potential preference or avoidance of any elevation category and habitat type was estimated 
using Jacob’s Index (Jacobs 1974):  D = (u - a).(u + a – 2ua)-1, where ‘u’ is the proportional 
utilization of the elevation category or habitat type and ‘a’ is the proportional availability of 
the elevation category or habitat type.  Jacob’s index values range from -1 (indicating 
maximum avoidance) to +1 (indicating maximum preference). As opposed to other 
preference measures, such as Ivlev's electivity index and forage ratios, Jacob’s Index 
minimizes problems such as bias for rare resources, non-linearity, lack of symmetry 
between selected and rejected values, and increase in confidence intervals with an increase 
in heterogeneity (Jacobs 1974). A χ2 goodness-of-fit tested the null hypothesis that elevation 
categories and habitat types were utilized in proportion to their relative availability for 
forage and refuge digging (Quinn and Keough 2002). 
Prey distribution within forage digs 
Prey (ant and termite distribution) was expected to influence aardvark forage dig location. 
Therefore the potential role of different prey items in the distribution of forage digs was 
examined, where proportions of aardvark forage digs with clearly indentified prey items 
(ants or termites) were calculated. A χ2 goodness-of-fit tested the null hypothesis that 
excavated ant and termite colonies were distributed evenly across habitat types (Quinn and 
Keough 2002). 
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Soil displacement  
To estimate the total soil made available for transport across the landscape (erosion by wind 
or water) by aardvark digging; the calculation used by Bragg et al. (2005) for an ellipsoid 
cylinder (V = 2/3 π abc; where a = maximum length of the excavation, b = perpendicular 
width of the excavation and c = the depth of the excavation) was used to estimate the 
volume (in cubic metres of soil displaced per ha) of refuge and forage digs, respectively. 
Estimates were totalled by habitat type and elevation category, and averaged across the 
landscape. A two independent sample t test tested the null hypothesis that the volume (in 
cubic metres of soil displaced per ha) of refuge digs was equal to that of forage digs. 
Normality and equality of variances were tested prior to analysis (Zuur et al. 2007). 
To estimate the total area of soil disturbance by aardvark digging; the calculation used by 
Bragg et al. (2005) for the surface area of an ellipse (A = π ab; where a = half the maximum 
length of the excavation and b = half the perpendicular width of the excavation) was used to 
estimate the surface area (in square metres per ha) of refuge and forage digs, respectively. 
Estimates were averaged across the landscape. 
Results 
Dig abundance 
In carrying out this study, volume and distribution data were collected for just under 2000 
aardvark digs (forage and refuge) over 40 ha. Across the extensive area sampled, forage digs 
(a total of 1866) were roughly 15 times more abundant than refuge digs (a total of 129). 
Dig distribution and preference 
Forage and refuge dig abundance generally decreased with an increase in elevation, 
occurring at the highest densities on the alluvial plains (< 960 m.a.s.l; Fig. 3.4 a). A secondary 
peak in forage digs was observed on the mountain plateau (1140 - 1260 m.a.s.l; Fig. 3.4 a). 
High forage dig density coincided with specific habitat types, namely Xeric spekboom 
thicket, Doringveld and Pentzia veld, while refuge digs only occurred at high densities in 
Doringveld (Fig. 3.4 b). Forage digs were not evenly distributed across habitat types (χ62 = 
287.52, p < 0.001). Refuge digs were similarly not evenly distributed across habitat types (χ62 
= 64.94, p < 0.001). No forage or refuge digs were found in temperate thicket, possibly due 
to its location on very steep rocky slopes at the top of the catena (Fig. 3.4 b). 
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Figure 3.4. Number of aardvark forage (white bars) and refuge (grey bars) digs per ha, 
distributed across (a.) elevation categories and (b.) habitat types (ordered from lowest 
elevation to highest elevation). 
 
Low elevations (780-900 m.a.s.l.) were generally preferred for forage and refuge digging     
(D > 0), while high elevations (> 900 m.a.sl.) were avoided (D < 0; Fig. 3.5 a). Habitat types 
were not utilized for forage or refuge digging in proportion to their relative availability 
(Forage: χ62 = 1309.49, p < 0.001; Refuge: χ62 = 327.26, p < 0.001). Doringveld and Xeric 
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spekboom thicket were preferred for forage digging (D > 0; Fig. 3.5 b); while only Doringveld 
was preferred for refuge digging (D > 0; Fig. 3.5 b).  
 
 
 
 
 
Figure 3.5. (a.) Elevation category and (b.) habitat type preference for aardvark forage 
(white bars) and refuge (grey bars) digs expressed by Jacob’s Index. 
 
A total of 1866 forage digs were recorded and of these 322 digs had clearly identifiable prey. 
Roughly three times more digs were recorded with ants as the prey item (244 digs), 
compared to digs with termites as the prey item (78 digs). Ant and termite distribution in 
forage digs differed significantly across habitat types (ant: χ62 = 107.28, p < 0.001, and 
termite: χ62 = 107.28, p < 0.001). Forage digs with termites as the prey item, were only 
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located in Xeric spekboom thicket, Spekboom thicket and Sweet grassland/Temperate 
thicket mosaic (exclusively termite colonies were excavated in the latter habitat type; Fig. 
3.6). These habitat types occur at higher elevations, with Sweet grassland/Temperate 
thicket mosaic, located on the mountain plateau.  
 
Figure 3.6. Proportion of aardvark forage digs with ants (white stippled bars) and termites 
(grey stippled bars) as the prey item, across habitat types (ordered from lowest elevation to 
highest elevation). 
 
Soil displacement 
Despite the far greater abundance (15 times) of forage digs, relative to refuge digs, the 
mean (± SE) soil displacement by aardvark refuge digs (3.38 m3 per ha ± 2.94 m3 per ha) 
exceeded that of forage digs (1.89 m3 per ha ± 0.88 m3 per ha), three fold. This is likely due 
to the average volume of refuge digs (1.31 m3 ± 0.11 m3; n = 129), exceeding that of forage 
digs (0.06 m3 ± 0.004 m3; n = 1866; t 105 = 1.98, p < 0.001). However, the mean (± SE) surface 
area disturbed by forage digs (3.08 m2 per ha ± 1.30 m2 per ha) was almost double that of 
refuge digs (1.81 m2 per ha ± 1.54 m2 per ha). 
Soil displacement generally decreased with an increase in elevation, with the greatest soil 
displacement by digs occurring on the alluvial plains (780-900 m.a.s.l; Fig. 3.7 a). Soil 
displacement by forage and refuge digs did not occur evenly across habitat types (Forage: 
χ6
2 = 17.11, p = 0.008; Refuge: χ62 = 107.07, p < 0.001). Refuge digs accounted for the vast 
majority of soil displacement in Doringveld (78% of digs) and Sweet grassland (62% of digs); 
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however forage digs accounted for greater soil displacement in Pentzia veld (100% of digs), 
Xeric spekboom thicket (75% of digs), Spekboom thicket (54% of digs) and Sweet 
grassland/Temperate thicket mosaic (89% of digs; Fig. 3.7 b). The absence of observed 
forage and refuge digs in Temperate thicket, led to no soil displacement recorded for this 
habitat type (Fig. 3.7 b). 
Figure 3.7. The estimated total volume of soil displaced (m3 per ha) by aardvark forage 
(white bars) and refuge (grey bars) digs, distributed across (a.) elevation categories and (b.) 
habitat types (ordered from lowest elevation to highest elevation). 
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Discussion 
This study set out to identify and describe the patterns and extent of aardvark forage and 
refuge digs within a semi-arid Karoo landscape, by evaluating the variation thereof in 
relation to environmental features and the estimated process level consequence of these 
digs. The objective was achieved and the role of the aardvark as an ecosystem engineer and 
keystone species was supported. The implications of these findings are considered in more 
detail below. 
Dig abundance 
For a burrowing animal to meet the criteria of a keystone species and ecosystem engineer, 
the spatial density of their digs across the landscape must be high; where the range of 
impacts as a consequence of their digging activities makes the ecological importance of the 
animal exceed its abundance (Jones et al. 1996; Power et al. 1996). The aardvark has been 
described as an ecosystem engineer and keystone species, by modulating the availability of 
key resources (e.g. burrows provide shelter from harsh temperature extremes, moisture and 
nutrients) in previous literature (Smithers 1971; Kingdon 1988; Jenkins 1990; Dean and 
Siegfried 1991; Jones et al. 1996; Taylor and Skinner 2000; Skinner and Chimimba 2005; 
Whittington-Jones 2006; Haynes 2012). However, this description was based on research 
conducted solely on refuge digs.  
Other burrowing species described by Jones et al. (1996) as ecosystem engineers, such as 
European rabbits, Oryctolagus cuniculus, excavate 130-4400 digs per ha (Bravo et al. 2009), 
and prairie dogs, genus Cynomys, excavate 50-300 digs per ha (Whicker and Detling 1988). 
Aardvark digging is low in comparison; 6-135 digs (forage and refuge) per ha, however it can 
be predicted that the ecological consequences of their digs (due to the surface area and 
volume disturbed) are greater in comparison (Chapter 3). What is clear from the 
compilation of the largest known database on aardvark digs for this study, is that aardvark 
forage digs are far (approximately 15 times) more abundant across the landscape (occurring 
in the majority of habitats and elevation categories sampled), when compared to refuge digs 
(occurring in only certain habitats and elevation categories sampled).  
Thus, aardvark forage digs potentially play a greater ecological role in altering resource 
distributions across the landscape (i.e. capturing organic matter, nutrients, seeds and 
water), providing shelter and germination sites for plant species, and soil mixing and 
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transport (as has been illistrated in other semi-fosorrial species; Dean and Milton 1991; 
Whitford and Kay 1999; Eldridge 2004; Eldridge and Mensinga 2007; James 2009; Travers et 
al. 2012), compared to refuge digs. Forage digs therefore contribute more significantly to 
ecosystem heterogeneity (i.e. by potentially developing into resource rich hotspots 
scattered throughout a resource poor matrix; see Chapter 3) and consequently ecosystem 
function (Dean and Milton 1991; Boeken et al. 1995; Bissonette 1997; Whitford 1998; 
Whitford and Kay 1999), when compared to refuge digs (although the persistence of forage 
and refuge digs on the landscape is not known and should be the focus of future research). 
Thus with this premise, the further assessment of aardvark forage digs in capturing organic 
matter, nutrients and seeds, together with providing sheltered micro sites for plant 
germination, follows in    Chapter 3.  
Dig distribution and preference 
The energetic costs of burrowing are extremely high (Vleck 1979; Vleck 1981), which makes 
optimizing the location of a dig, in terms soil features, vegetation features and prey 
distribution, imperative (Reichman and Seabloom 2002; Kinlaw 2006). Previous literature on 
refuge digging by other burrowing animals (Laundré and Reynolds 1993; Reichman and 
Seabloom 2002; James 2009) and of the aardvark (Skinner and Chimimba 2005), has shown 
that digging in soft and deep flood plain soils with high clay content and low basal 
vegetation cover, allows for reduced energy expenditure (Vleck 1979) and the construction 
of more structurally sound, large and complex digs. My study supports these findings, as 
aardvark refuge digs occurred at a high density on the alluvial plains of Samara, which are 
synonymous with Doringveld, characterised by deep soft soils with marked clay 
accumulation (Watkeys 1999; Mucina and Rutherford 2006) and open areas of low basal 
root cover (Van Cauter et al. 2005). Therefore, aardvark refuge digs and their distribution 
are likely influenced by soil texture, soil depth, elevation and basal vegetation cover, 
restricting their distribution and therefore their ecological role to localised areas of optimal 
conditions. 
With respect to prey distribution as an environmental driver of aardvark forage digging, my 
results indicate that ants were the primary prey source consumed across the majority of 
habitat types sampled. Termites were targeted less often and then only in Xeric spekboom 
thicket, Spekboom thicket and Sweet grassland/Temperate thicket mosaic, at higher 
elevations on the steep slopes of the catena and mountain plateau. It has been noted in 
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previous accounts of aardvark foraging that they seek out isolated termitaria on steep rocky 
slopes (van Aarde et al. 1992; Taylor and Skinner 2003). These termitaria are only 
distributed in high lying areas above the seep line of water courses (van Aarde et al. 1992; 
Levick et al. 2010; Davies et al. 2014). Thus, the presence of forage digs, even on difficult, 
rocky terrain may be driven by the distribution of prey in these high lying areas (van Aarde 
et al. 1992; Taylor and Skinner 2003). Therefore, aardvark forage dig distribution reflects 
available prey items (van Aarde et al. 1992; Taylor and Skinner 2003) and their distribution 
across certain soil features, elevation and vegetation features (van Aarde et al. 1992; Levick 
et al. 2010; Davies et al. 2014). To confirm this, this study could be strengthened by the 
quantification and measure of availability of prey sources (ant and termite colonies) across a 
study landscape, independent of aardvark digs. 
It can be predicted that throughout much of Sub-Saharan Africa aardvark forage and refuge 
digs will play greater functional roles (i.e. resource capture, shelter for plants and animals 
and germination sites; Dean and Milton 1991; Whittington-Jones 2006), at higher densities 
in alluvial plain areas, characterised by deep soft soils with marked clay accumulation and 
low basal vegetation cover. However, forage digs and their extent are not necessarily 
restricted by these features and will likely have an ecological impact in most habitats, 
depending on food availability (van Aarde et al. 1992; Taylor and Skinner 2003). This is 
unlike other burrowing animals such as pocket gophers, whose digs and their associated 
impacts on soils and vegetation are restricted along the catena (Kerley et al. 2004). 
Soil displacement 
My prediction that forage digs (despite their smaller volume in comparison to refuge digs) 
would account for the majority of soil displacement by aardvark was not supported by the 
data, where the mean soil displacement (m3/ha) by refuge digs was three times greater than 
that of forage digs. What is important to note about the soil displacement between the two 
dig types, is that although refuge digs generate greater soil displacement, they are spatially 
limited, while forage digs are present across most of the landscape. Furthermore, the 
surface area of disturbance by forage digs is greater than that of refuge digs. Thus, aardvark 
forage digs probably influence surface soil horizon processes (such as aeration, water 
infiltration organic turnover, and mineralization rates; Laundré and Reynolds 1993) at a 
greater spatial scale on the landscape and affect a greater surface area, while refuge digs 
influence soil processes at deeper soil horizons in localised areas on the landscape. 
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However, aardvark refuge digs displaces soil from deep soil strata, which are typically of low 
soil fertility (Inouye et al. 1987; Koide et al. 1987) compared to soils nearer to the surface, 
resulting in mounds of excavated soil with low fertility and subsequently patches of low soil 
fertility. This further supports the proposed greater role of forage digs in fertile patch 
creation, as their excavation results in the displacement of fertile soil from the near surface 
soil strata, generating mounds of excavated soil with high soil fertility (Inouye et al. 1987; 
Koide et al. 1987). While the importance of refuge digs (i.e. providing hotspots for seed 
capture and shelter for plant and animal species; Whittington-Jones 2006) has been 
illustrated, this study demonstrates that forage and refuge digs have different roles in 
altering soil functional processes, where forage digs are potentially more important in 
aeration, organic turnover, mineralization rates and displacing larger amounts (due to their 
greater abundance, greater spatial scale and greater surface area of disturbance on the 
landscape) of fertile soil to the surface. 
Aardvark forage dig soil disturbance in preferred habitat (Doringveld; 5.9 m3 of soil per ha) is 
greater than other burrowing animals that play pivotal ecological roles with their digging 
activities in arid environments; such as the Indian crested porcupine with a measured forage 
dig soil displacement of 3.4 m3 per ha (Alkon and Olsvig-Whittaker 1989; Alkon 1999) and 
Cape porcupine with a measured forage dig soil displacement of 1.6 m3 per ha (Bragg et al. 
2005). Furthermore, the combined soil displacement by aardvark forage and refuge digs (> 
26 m3 per ha) is even larger, indicating that it is an important soil displacer in Samara (in 
comparison to the Cape porcupine; Bragg et al. 2005) and likely across much of Sub-Saharan 
Africa.  
In comparison, pocket gophers (Family Geomyidae), significantly alter the physical 
composition of soils across the landscape by displacing large amounts of soil in the form of 
mounds to the soil surface, which are then susceptible to erosion (Black and Montgomery 
1991; Reichman and Seabloom 2002; Gabet et al. 2003; Jones et al. 2006). The relationship 
between this soil displacement from excavated digs across the landscape is accelerated with 
slope, where the greater the slope upon which a dig is excavated, the greater the distance 
of excavated soil is transported across the landscape away from the dig site (Gabet 2000; 
Seabloom et al. 2000). With a large portion of aardvark digs recorded on sloped terrain in 
Samara, it can be speculated that a considerable volume of soil is transported across the 
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landscape by aardvark forage and refuge digging. This further emphasizes the role of the 
aardvark in large scale soil mixing and sediment transport across the landscape, generating 
patches of altered geomorphology, hydrology and plant and animal communities (Whitford 
and Kay 1999; Garkaklis et al. 2004; Bragg et al. 2005; James 2009). 
Conclusion 
For the first time, the pattern and extent of both aardvark forage and refuge digs across a 
landscape was measured and compared. Although refuge digs only occurred in the highest 
densities in areas characterised by a specific suite of soil, vegetation and elevation features, 
the functional processes (i.e. resource capture, shelter for plants and animals, germination 
sites, soil aeration, organic turnover, mineralization rates, fertile soil displacement and 
transport) driven by aardvark digs are not restricted to these areas, as forage digs occurred 
in most habitats measured. The findings of this study demonstrate that through the 
excavation of both forage and refuge digs on a large scale and at high spatial densities on 
the landscape, the role of the aardvark as an ecosystem engineer and keystone species is 
affirmed. The likely greater ecological importance of forage digs (which had been previously 
poorly researched) has also been highlighted here and thus with this assumption it is 
necessary to quantify the functional aspects of forage digs in Chapter 3 (i.e. capturing 
organic matter, nutrients and seeds, together with providing sheltered micro sites ideal for 
plant germination) in order to confirm their greater ecological importance in comparison to 
refuge digs.  
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Chapter 3: Ecological processes driven by aardvark forage digs  
 
Introduction 
Ecosystem engineers modulate the availability of key resources to other species within an 
ecosystem by causing physical alterations (e.g. burrowing) in abiotic and biotic materials 
(Jones et al. 1996). Burrowing animals noted as ecosystem engineers [e.g. Indian crested 
porcupine (Alkon 1999), banner tailed kangaroo rat (Andersen and Kay 1999) and pocket 
gopher (Reichman and Seabloom 2002)], create excavations on the soil surface which may 
develop into moisture-rich and nutrient-rich micro sites or hotspots (Jones et al. 1996; 
Whitford and Kay 1999). These hotspots are distributed discontinuously across the 
landscape (Chapter 2), within a moisture and nutrient poor matrix and influence plant and 
animal communities (Dean and Milton 1991; Wiegand et al. 1997; Whitford and Kay 1999; 
Eldridge and Mensinga 2007; James 2009).   
Such digs function as resource sinks, by capturing plant litter, soil and water transported 
across the landscape by water runoff, wind and/or gravity (Dean and Milton 1991; Whitford 
and Kay 1999; Whitford 2002; Eldridge and Mensinga 2007). Litter accumulated in digs 
includes plant leaves, woody material, bark and animal faeces; which decompose at a higher 
rate than litter on the soil surface (Whitford and Kay 1999; Eldridge and Whitford 2014).  
Animal digs also play a significant role in plant seed capture, with several animals described 
as ecosystem engineers for this reason (Boeken et al. 1995; Whittington-Jones 2006; James 
2009). For example greater bilbies, Macrotis lagotis and burrowing bettongs, Bettongia 
lesueur, are reported to increase plant biodiversity, biomass and productivity, through seed 
capture and seedling establishment within their digs (James 2009). Especially in arid 
environments where plant establishment is limited by the availability of soil nutrients (such 
as carbon and nitrogen) and moisture (Noy-Meir 1973; Ludwig and Tongway 1995; James 
2009), animal digs (through the accumulation and decomposition of plant litter and 
provision of sheltered microclimates) serve as “abiotic nurses,” facilitating the 
establishment and survival of plant seedlings (Dean and Milton 1991; Wiegand et al. 1997; 
Travers et al. 2012). 
Higher concentrations of organic matter accumulated in digs support a diverse soil 
microflora and micro-mesofauna community, which interact, thereby influencing 
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decomposition rates and mineralization of nutrients, such as carbon and nitrogen (Santos 
and Whitford 1983; Mun and Whitford 1997; Whitford and Kay 1999; Travers and Eldridge 
2015). As a consequence, release and mineralization of nutrients from decomposing litter 
into soil organic pools within digs is enhanced and in turn plant germination and growth is 
increased (Whitford and Kay 1999; James 2009; Travers et al. 2012; Travers and Eldridge 
2015).  
Animal digs can provide a stable micro-climate, where temperatures vary less and are 
relatively unaffected by the extreme low and high temperatures experienced on the soil 
surface (Kay and Whitford 1978; Whittington-Jones 2006). Low levels of evaporation, higher 
humidity and soil moisture levels occurring within digs, compared to the soil surface (Day 
and Detling 1994; Bulova 2002) are more suitable for biotic decomposition of organic 
material and nutrient mineralization (Karberg et al. 2008; Vanderbilt et al. 2008). In arid and 
semi-arid environments, decomposition of organic material on the soil surface typically 
occurs at a slower rate through abiotic processes, such as leaching, ultraviolet radiation and 
high temperatures, rather than biotic interactions between microflora and micro-
mesofauna (Moorhead and Reynolds 1991; Mun and Whitford 1997; Whitford 2002). The 
harsh conditions of the soil surface, such as temperature extremes, low humidity and low 
soil moisture conditions are not suitable for the survival of microflora and micro-mesofauna 
involved in the decomposition process (Santos and Whitford 1983; Moorhead and Reynolds 
1991). Thus, the stable micro-climate within animal digs is key to enhanced decomposition 
through biotic interactions. 
There is existing literature on the functional role of aardvark refuge digs in providing 
sheltered retreats (from harsh temperatures and low humidity) for other mammal, bird, 
amphibian, reptile and insect species, as well as capturing plant seeds and altering plant 
communities (Whittington-Jones 2006). However, as mentioned in Chapter 2, there is very 
limited literature on aardvark forage digs, particularly in terms of their functional roles. Only 
the study of Dean and Milton (1991) demonstrated that in open, inter-shrub spaces, 
seedlings were more frequent per ha in aardvark forage digs compared to the unexcavated 
soil surface, while deeper digs (depth 6.7 ± 0.4 cm) were sites of significantly increased seed 
germination and seedling survival, compared to shallower digs (depth 4.5 ± 0.3 cm).   There 
is no existing literature on how the functional role in plant litter capture and seed capture, 
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enhancing decomposition rates of litter and providing a micro-climate may vary with 
aardvark forage dig size.  
Given that forage digs are far more abundant (approximately 15 times more abundant than 
refuge digs) and more widely distributed (Chapter 2), it is expected that their role (i.e. the 
expected alteration of resource distributions across the landscape, through resource 
capture) and therefore ecological importance in terms of providing fertile germination 
hotspots, could be greater than that of refuge digs. Therefore the functional role of forage 
digs needs to be measured in order to test this hypothesis. 
The objective of this chapter was to measure plant litter, seed and soil capture, 
decomposition rates (including carbon and nitrogen release) and micro-climate of aardvark 
forage digs in the eastern Karoo. Thus, by assessing the functional role of aardvark forage 
digs in generating fertile micro sites, which have the potential to facilitate the establishment 
of high plant productivity and diversity sites, this Chapter aimed to elucidate the ecological 
importance of forage digs and further affirm the aardvark as an ecosystem engineer and 
keystone species. 
The hypothesised role of the aardvark as an ecosystem engineer can be summarized in the 
pattern of elevated plant litter (leaves, woody material, grass and dung; Whitford and Kay 
1999; Eldridge and Mensinga 2007) and seeds (particularly small seeded species and 
perennial grasses; Milton and Dean 1995; Wiegand et al. 1997; Fenner and Thompson 2005; 
the abundace of which will vary with season; Fenner and Thompson 2005) trapped in their 
digs. As a function of the ameliorated micro-climate within these digs, the decomposition 
and nutrient (i.e. carbon and nitrogen; Dean and Milton 1991; Whitford and Kay 1999; 
Travers and Eldridge 2015) mineralization rates of litter in digs will be accelerated compared 
to the surrounding unexcavated area.  
Methods 
Study site 
The study was conducted in the South-East portion of Samara Private Game Reserve, on the 
lower plains (Fig. 3.1). The study area was separated into two study sites: an experimental 
(3300 m3) and natural (1000 m3) site. Both sites were historically used as irrigated crop 
fields, but are now characterised by sparse open grassland, with small scattered shrubs and 
herbs throughout. These sites are homogenous (in terms of topography, soil and plant 
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cover) and therefore suitable for the experiments. Refer to Chapter 2 for a full study site 
description.   
Figure 3.1. Location of the experimental and natural dig sites (shaded) within Samara 
Private Game Reserve. 
Data collection 
Plant litter and seed accumulation 
To estimate the role of aardvark digs serving as traps for plant litter, seeds  and soil, forage 
digs were artificially created by mimicking the characteristic shape of a natural aardvark 
forage dig (i.e. arrow-head shape; Melton 1972; Taylor et al. 2002), using a pick axe. A total 
of 40 digs were created across the experimental dig site. To determine if dig size had an 
effect on the amount of plant litter collected, digs were created to fit four different size 
categories estimated using dig depth (i.e. small: 10 cm; medium: 20 cm; large: 30 cm; extra 
large: 40 cm).  Dig sizes were selected based on visual inspection of frequency distributions 
of natural dig depth (n = 60), measured in advance across two transects on the lower plains 
of the reserve. To ensure the random distribution of each size category across the 
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experimental dig site, a coin was flipped to determine the size to be dug at each point. Digs 
were placed 10 metres apart and rows of digs were staggered to avoid interference 
between neighbouring digs. The end result was 10 replicates of each size category 
distributed across seven rows (Fig. 3.2). 
 
Figure 3.2. Experimental dig site, including 40 experimental digs divided into size categories 
(S, M, L and XL).  
Once a month, over a period of 12 months, the loose contents (plant litter and soil) in each 
experimental dig, were collected using a handheld vacuum. Matching non-dig samples 
(Eldridge and Mensinga 2007) were collected approximately 1 m to the east of each dig, by 
vacuuming the same surface area as the coinciding dig. Each sample was dried at 40°C and 
manually sorted into woody material, faeces, grasses, seeds, leaves and soil, and each 
component was weighed. 
Seeds were categorised into different morphospecies and an average mass of each 
morphospecies was obtained by weighing 20 individual seeds of each. Morphospecies were 
then classed into small (< 9.02 x 10-4 g), medium (1.10 x 10-3 – 5.40 x 10-3 g) and large (> 6.10 
x 10-3 g) seed size classes. Seed size classes were discriminated by estimating breakpoints (k 
= 2) along an accumulation curve of seed mass (Crawley 2013). To determine the expected 
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role of digs in improving grazing potential (Wiegand et al. 1997), seeds were also 
categorised as either Poaceae (van Oudtshoorn 1999), or belonging to other plant families. 
Decomposition rates and micro-climate 
To examine the effect of dig size on the decomposition rates of plant litter trapped within 
digs, a decomposition experiment was conducted across 11 natural aardvark forage digs, 
ranging in depth from 30 cm to 62 cm (Chapter 2), at the natural dig site. Three un-
excavated soil sites were also selected for the experiment in close proximity to the selected 
natural digs to obtain non-dig decomposition rates.  
Decomposition bags (5 x 5 cm) were fashioned from plastic mosquito mesh with a mesh size 
(2 mm) considered optimal, to allow entry of micro-flora and micro-mesofauna (Karberg et 
al. 2008; Ngatia et al. 2014; Travers and Eldridge 2015). Each bag was filled with 2 g (± 0.2 g) 
of oven dried (60°C) Pappea capensis leaves, this being one of the dominant tree species on 
the landscape.   
Six decomposition bags were placed at each dig and non-dig site, and bags were collected at 
2, 4, 6, 8, 10 and 12 month intervals. Once harvested, each decomposition bag was carefully 
washed to remove soil and any other extraneous matter, and oven dried (60°C) for 72 hours 
(Elkins and Whitford 1982; Karberg et al. 2008; Travers and Eldridge 2015). The contents of 
each bag were thereafter weighed and sent to the South African Department of Agriculture 
and Rural Development Plant Laboratory in Pietermaritzburg, to be analysed for total 
nitrogen and carbon contents (%), using the Duma's combustion method (Dumas 1831; 
nitrogen content) and the Elements, Hunter's dry matter method (Hunter 1984; carbon 
content). Nitrogen and carbon contents (converted to a C:N value) were used as a measure 
of C:N release or mineralization (Ngatia et al. 2014). 
To determine if accelerated decomposition rates in forage digs is a function of an 
ameliorated micro-climate within these digs, Onset HOBO® Data Loggers were placed in the 
same 11 natural aardvark forage digs, and three non-dig sites, used for the decomposition 
rate experiment. The data loggers were positioned in the digs and non-dig sites for at least 
10 days during winter (July 2015) and summer (March 2016), to estimate seasonal variation 
in temperature (°C), relative humidity (%) and soil moisture content (m3/m3). The data 
loggers were set to record measurements at three hour intervals, resulting in eight 
recordings per day. 
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Data analyses 
Plant litter and seed accumulation 
To visualize differences in seed community composition between dig size categories and 
non-digs, Nonmetric Multidimensional Scaling (NMDS) ordinations, based on Bray-Curtis 
resemblance matrices of seed abundance data (Clarke 1993; Clarke and Gorley 2006), were 
generated. A Stress value indicates the goodness-of-fit of the two-dimensional biplot. Data 
were square-root transformed to reduce the influence of particularly dominant 
morphospecies (Clarke 1993). 
To test the null hypothesis of no difference in seed community composition between dig 
size categories and non-digs, Analyses of Similarity (ANOSIM; 5000 Monte Carlo 
permutations) were used. The ANOSIM R statistic (typically ranging between 0 and 1) 
indicates dissimilarity between dig treatments by comparing the mean of the ranked 
dissimilarities between treatments to the mean of ranked dissimilarities within treatments. 
A value close or equal to 1 indicates high dissimilarity between treatments, while a value 
close to or equal to 0 indicates little to no dissimilarity between treatments. All multivariate 
analyses were completed with Primer version 6 (Clarke and Gorley 2006). 
Total accumulated seeds were calculated for winter (June, July and August), spring 
(September, October and November), summer (December, January and February) and 
autumn (March, April and May). The size and composition of seed pools available for 
transport across the landscape, varies temporally according to seasonal changes in rainfall 
(Milton and Dean 1995; Fenner and Thompson 2005). Therefore the community of seeds 
captured in forage digs likely vary in abundance, size distribution and family composition 
(Poaceae or other) according to season.  
One way ANOVAs were used to compare: the total accumulated (after 12 months) woody 
material, faeces, grass, seeds, leaves and soil, in grams, across dig size categories (S, M, L 
and XL) and non-digs; total accumulated (after 12 months) seed abundance, seed richness, 
seeds of different plant families (Poaceae or other) and seed size categories across dig size 
categories and non-digs; and seasonal variation in total accumulated seeds in digs and non-
digs. Two way ANOVAs were then used to test the effect of season on total accumulated 
seed abundance across plant family and seed size categories. Tukey post-hoc tests were 
used to obtain multiple comparisons of mean values. In all cases, normality and equality of 
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variances were tested prior to analyses and data were log-transformed where appropriate 
(Zuur et al. 2007).  
One of the small digs in the experimental dig site was significantly impacted by small 
mammal burrowing during the course of the experiment. It was omitted from all data 
analyses. 
Decomposition rates and micro-climate 
A reworking of the single negative exponential decay function (Olson 1963) was used to 
calculate annual decomposition rate coefficients k (Lechmere-Oertel et al. 2008). The 
decomposition coefficient k is a useful constant for comparative purposes between 
treatments, habitats or across different climate regimes (Stamou et al. 1994; Karberg et al. 
2008; Lechmere-Oertel et al. 2008), and therefore is useful in comparing decomposition 
rates across dig size.   
Decomposition constant k= -
�ln �MtM0��
( t365 )
 
Where M0 is the initial mass of dried leaves prior to decomposition, Mt is the mass of dried 
leaves post decomposition and t is the total number of days the litter was in the dig or the 
non-dig site (Olson 1963). Linear regressions were used to compare decomposition rate (k) 
values and C:N release after 12 months of decomposition, across dig size (including non-
digs). Normality and equality of variances were tested prior to analyses (Zar 2010). 
To identify trends in temperature and relative humidity across dig size (including non-digs), 
the 10th (lower extremes), 50th (median) and 90th (upper extremes) quantiles were extracted 
from data measurements taken at the coldest (6 am) and hottest (3 pm) times of the day. 
Since soil moisture varied little within a day (based on visual inspection of the data), the 
quantiles were extracted from all soil moisture data measurements taken within a day.  
Quantiles were used instead of mean values to avoid losing potential patterns evident in the 
extreme values within the micro-climate data (Chamaillé-Jammes et al. 2007), and to clarify 
the role of digs in providing protection from these extremes and thus enhancing 
decomposition rates of captured litter (Travers and Eldridge 2015).  
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We modelled trends in temperature, relative humidity and soil moisture at each quantile 
with Linear mixed-effects models (nlme package in R version 3.2.5; R CoreTeam 2016). Dig 
Size (0 – 62 cm), Season (summer and winter) and Time of day (6 am and 3 pm for 
temperature and relative humidity) were specified as fixed effects, and measurement site 
(digs and non-digs) was specified as a random effect.  Random effects satisfied the role of 
assigning repeated measures (Zuur et al. 2007). Analyses were initiated with Dig Size as the 
only fixed effect. Best model selection of fixed effects (constant slopes and not allowing for 
heteroscedastic variances) was based on maximum likelihood fits, using standard likelihood-
ratio tests (α < 0.05), supplemented by Akaike’s Information Criterion (AIC), where the 
optimal model with the lowest AIC value was selected (Zuur et al. 2007; Zuur et al. 2009). 
Data were inspected for linearity before analyses, and standard diagnostic plots were 
generated and examined for any deviations from model assumptions. Coefficient estimates 
from the best models were produced using reduced maximum likelihood fits (Zuur et al. 
2007). 
Results  
Plant litter accumulation 
Capture of woody material, faeces, grass, seeds, leaves and soil differed significantly across 
digs and non-digs (woody material: F 4,73 =13.51, p < 0.001; faeces: F 4,73 = 4.50, p = 0.002; 
grass: F 4,73 = 4.03, p = 0.005; seeds: F 4,73 = 8.59, p < 0.001; leaves: F 4,73 = 8.84, p < 0.001;  
soil: F 4,73 = 42.53, p < 0.001; Fig. 3.3). Overall, experimental digs accumulated on average (± 
SE) three times more plant litter (12.31 g ± 2.23 g) and 10 times more soil (325.11 g ± 45.41 
g) over 12 months, compared to non-digs (plant litter: 4.01 g ± 0.67 g and soil: 30.36 g ± 2.83 
g). Results from post-hoc analyses indicated that small, medium, large and extra large digs 
captured significantly more woody material and soil compared to non-digs, and medium and 
large digs captured significantly more seeds and leaves compared to non-digs (Fig. 3.3). Only 
large digs captured significantly more faeces and grass compared to non-digs (Fig. 3.3). 
However no significant difference was observed between dig size categories in litter capture 
(woody material, faeces, grass, seeds, leaves and soil; Fig. 3.3). 
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Figure 3.3. Mass (g, mean ± SE) of woody material, faeces, grass, seeds, leaves and soil 
captured within each dig size category and non-dig. 
Seed accumulation 
The NMDS ordination showed a clear separation in plant seed community composition 
between digs and non-digs (Fig. 3.4). ANOSIM R values indicated a significant (p < 0.05) 
separation between digs and non-digs: R = 0.36; and between small: R = 0.24, medium:        
R = 0.37, large: R = 0.39 and extra large: R = 0.31 digs and non-digs. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Nonmetric Multidimensional Scaling ordination of seed community composition 
captured across dig size categories and non-digs. The Stress value (0.13) indicates a 
reasonable goodness-of-fit of the two-dimensional biplot. 
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A total of 25 579 plant seeds accumulated within the experimental digs over 12 months, 
three times more than that (7837 seeds) accumulated in non-digs. Large and medium digs 
accumulated the most seeds (7991 and 7028, respectively), while extra large and small digs 
accumulated fewer seeds (5673 and 4887, respectively). In a comparison of the mean total 
number of seeds accumulated after 12 months, all dig size categories accumulated 
significantly more seeds compared to non-digs (F4,73 = 14.71, p < 0.001). All dig size 
categories also accumulated significantly more morphospecies, compared to non-digs (F4,73 
= 47.14, p < 0.001), with seed richness on average 2.5 times greater in digs (5 
morphospecies) compared to non-digs (2 morphospecies). Post-hoc analyses revealed no 
significant difference between dig size categories in total seed abundance or total seed 
morphospecies accumulation.  
The total number of accumulated seeds in digs and non-digs differed across seasons (F 4,73 = 
43.26, p < 0.001). Post-hoc testing revealed that significantly more seeds accumulated 
within digs and non-digs in winter, compared to spring, summer and autumn (Fig. 3.5).  
Figure 3.5. Total accumulated number of seeds (mean ± SE) within digs (grey bars), and non-
digs (white bars), across seasons. 
The total number of accumulated seeds (over 12 months) of different families (Poaceae or 
other) differed significantly between digs and non-digs (F 1,152 = 8.99, p < 0.001), where post-
hoc analyses revealed that digs accumulated significantly more Poaceae seeds, compared to 
the seeds of other families and non-digs. There was also a significant effect of season on the 
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capture of seeds of different families (F 3,176 = 5.99, p < 0.001). Post-hoc testing revealed 
that on average (± SE) significantly more Poaceae seeds (2363 seeds ± 2281 seeds) were 
accumulated in digs in winter, compared to other seasons (spring: 955 seeds ± 892 seeds; 
summer: 444 seeds ± 383 seeds; autumn: 179 seeds ± 135 seeds), contributing to the overall 
pattern of significantly more seeds accumulated in digs in winter (Fig. 3.5).  
The total accumulated number of seeds (over 12 months) of different size categories 
differed significantly between digs and non-digs (F 2,228 = 31.19, p < 0.001), where post-hoc 
analyses revealed that significantly more small seeds were accumulated in digs compared to 
medium and large seeds and to non-digs (Fig. 3.6). 
Figure 3.6. Total number of (mean ± SE) small (grey bars), medium (white bars) and large 
(dark grey) seeds accumulated across digs and non-digs. 
 
Decomposition rates and micro-climate 
Decomposition rates varied with dig size, and increased significantly with an increase in dig 
size [R2 = 0.51; F1,12 = 14.56, p = 0.002; Decomposition rate (k) = 0.35 + 0.01(dig size); Fig. 
3.7]. However, C:N release did not vary with dig size [R2 = 0.04; F1,12 = 1.50, p = 0.24; C:N = 
21.00 – 0.02(dig size)]. 
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Figure 3.7. Relationship between decomposition rate (k) and dig size. 
Model-fit of change in temperature and relative humidity with Dig Size, deteriorated with 
the exclusion of Time of day and Season and their interaction with Digs Size (Table A1). 
However, temperature and relative humidity at the lower, median and upper extremes did 
not vary significantly with Dig Size, Time of day and Season (Table A1; Fig. A1; Fig. A2). 
Model fit of change in soil moisture with Dig Size, deteriorated with the inclusion of Season 
and its interaction with Dig Size. Thus the best model included Dig Size as the only fixed 
effect (Table A1). At the lower extremes, Dig Size was a significant predictor of soil moisture 
(Table A1), where soil moisture increased by 37% with an increase in Dig Size (Fig. 3.8). 
However, soil moisture at the median and upper extremes did not vary significantly with 
Digs Size (Table A1; Fig. A3).  
Figure 3.8. Soil moisture at the lower extremes (10th quantile) across dig size (grey markers, 
with green trend line).  
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 Discussion 
This study set out to assess the functional role of aardvark forage digs in generating fertile 
micro-sites, with the potential to facilitate the establishment of plants and diversity sites.  
The objective was achieved by the successful measurement of plant litter, seed and soil 
capture, decomposition rates and micro-climate within forage digs, and the ecological 
importance of forage digs and the aardvark as a keystone species and ecosystem engineer 
was affirmed. The implications of achieving the objective are reviewed in more detail below. 
Plant litter accumulation 
This study pioneered the quantification of plant litter capture by aardvark forage digs and 
confirmed the prediction that aardvark digs operate as hotspots of plant litter, as found for 
digs excavated by other taxa (Whitford and Kay 1999; Eldridge and Mensinga 2007). Three 
times more plant litter accumulated within forage digs (including the smallest digs) in this 
study, compared to the adjacent non-digs.  
The forage digs of other burrowing species such as the short-beaked echidna, Tachyglossus 
aculeatu (creates forage digs 9 cm deep; Eldridge and Mensinga 2007), greater bilby 
(creates forage digs 8 cm deep; James 2009) and burrowing bettong (creates forage digs 8 
cm deep; James 2009), capture plant litter and soil, transported across the landscape by 
wind, water and gravity. This material becomes buried within the digs as they in-fill and 
rapidly decomposes, producing micro sites with higher soil nutrient concentrations, 
compared to the surrounding soil matrix (Whitford and Kay 1999). Aardvark forage digs 
have a similar role in litter capture relative to these species (capturing the same litter types 
and similarly capturing significantly more litter compared to non-digs) and upon rapid burial 
and decomposition of the litter captured (Dean and Milton 1991), all aardvark forage digs 
(even small scrapes only 10 cm deep) are key in the generation of fertile hotspots, which 
likely develop into plant germination hotspots (Alkon 1999; Whitford and Kay 1999; Eldridge 
and Mensinga 2007; Eldridge and James 2009).  
Seed accumulation 
This study is the first to quantify seed capture by aardvark forage digs and together with 
findings of Whittington-Jones (2006) and Dean and Milton (1991), significantly contributes 
to the understanding of aardvark digs functioning as seed hotspots and plant germination 
hotspots. Even the smallest forage digs (average depth of 10 cm) in our study captured 
three times more seeds than non-digs. Similarly even shallow digs of the Indian crested 
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porcupine (average depth of 5.7 cm) have been reported to trap more seeds than non-digs 
(Alkon 1999). 
With up to 130 aardvark forage digs per ha (Chapter 2) and an average of 653 accumulated 
seeds per dig; aardvark forage digs act as seed sinks which potentially develop into 
germination hotspots for up to 85 000 seeds per ha at any given time. This estimate will vary 
spatially (i.e. preferred or not preferred habitat regarding forage dig density) and temporally 
(i.e. seasonal variation in seed production).  
Animal forage digs, with accumulated litter, provide sites for high seed retention, increased 
seed longevity, increased germination and increased seedling establishment (Rotundo and 
Aguiar 2005). The greatest numbers of seeds were captured by aardvark forage digs during 
winter, thus seeds are stored within digs and buried by soil and decomposing litter until the 
end of winter when germination and seedling survival is facilitated by more frequent rains 
(Brown et al. 1979; Milton and Dean 1995; Fenner and Thompson 2005). Thus the seasonal 
variation in seed capture by digs facilitates higher seed germination and seedling survival. It 
is noted that the role of competition between germinating seeds in aardvark digs is 
unknown and needs to be explored in future research. 
In addition to providing germination sites to a large number of seeds, aardvark forage digs 
likely provide resource rich foraging sites for granivorous species including small mammals, 
birds and insects such as ants (Brown et al. 1975; Chambers and MacMahon 1994; Alkon 
1999; Bragg et al. 2005). However it is unknown which species utilise these digs as foraging 
sites in the Karoo. 
Several studies have shown that animal digs result in an overall increase in plant biomass 
and diversity (Platt 1975; Gutterman and Herr 1981; Whicker and Detling 1988; Dean and 
Milton 1991; Eldridge and Mensinga 2007; James 2009), facilitate germination and therefore 
increase the abundance of ephemeral plant species, as well as permit the continual 
recruitment of perennial plant species outside of major recruitment events (Milton and 
Dean 1995; Wiegand et al. 1997; Eldridge and Simpson 2002). In terms of seed richness, 
Reichman (1984) demonstrated that seeds of different plant species can be transported 
across large areas by wind, water and gravity in times of high seed production and are 
trapped in depressions on the soil surface. In particular small seeds (in terms of mass) easily 
transported across the landscape are often trapped in clumps in these depressions 
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(Reichman 1984; Chambers and MacMahon 1994). These support my findings of aardvark 
forage digs serving as seed traps.  
I confirmed that aardvark forage digs trap a greater number of seed species and greater 
abundance of Poaceae seeds than non-digs and a greater number of small seeds compared 
to larger seeds. In addition, seed communities accumulated within digs are more similar (in 
terms of community composition), compared to those accumulated by non-digs. Thus the 
aardvark provides an abundance of germination hotspots for a greater diversity of plant 
species and for small seeded species, which would likely not successfully germinate on non-
dig sites, as they are easily moved by wind and water (Chambers and MacMahon 1994; 
Fenner and Thompson 2005) and likely facilitates the establishment of perennial grasses. 
Therefore this study predicts that the aardvark generates patterns of high plant diversity (as 
their digs serve as seed sinks and germination hot spots) across much of its range and has a 
cascading effect by improving the grazing potential of Karoo shrubland, through their 
facilitation of perennial grass establishment (as their digs serve as Poaceae seed sinks and 
germination hot spots; Wiegand et al. 1997).   
Decomposition rates and micro-climate 
Decomposition rates have never been measured within aardvark digs, thus my study is the 
first to reveal an increased decomposition rate of organic material in digs, and a positive 
relationship between decomposition rates and dig size. These findings correspond with the 
literature on decomposition rates in animal digs (Santos and Whitford 1983; Whitford and 
Kay 1999; Austin and Vivanco 2006), however C:N release did not follow the same predicted 
pattern. Literature suggest that C:N release can be predicted by a number of factors 
including soil texture, exogenous sources of labile C, initial lignin contents of litter and clay 
content of the soil substrate, where soils with high clay contents have been shown to inhibit 
C and N mineralization (Giardina et al. 2001). These factors were not measured here and 
could be responsible for the unexpected results.  
Similarly, my predictions on digs maintaining a stable temperature and relative humidity 
were not supported, as the readings obtained did not show any changes in temperature 
and/or relative humidity between digs and non-digs, nor across a dig size gradient and 
therefore did not correspond with the literature. The micro-climate within animal digs in 
semi arid and arid environments, such as those generated by the Egyptian spiny tailed lizard, 
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Uromastyx aegypticus (Williams et al. 1999), tawny tuco-tuco, Ctenomys fulvus (Cortés et al. 
2000) and refuge digs of aardvark (Whittington-Jones 2006), maintain lower temperatures 
than non-digs, during the hottest times of the day and higher temperatures than non-digs 
during cold evenings. Digs maintain a higher relative humidity than non-digs, as found in 
digs of the Indian crested porcupine (Shachak et al. 1991), desert tortoise, Gopherus 
agassizii (Bulova 2002), black-tailed prairie dogs, Cynomys ludovicianus (Koford 1958; Day 
and Detling 1994) and refuge digs of aardvark (Whittington-Jones 2006). These constant 
temperature and relative humidity patterns within digs have been suggested to promote 
accelerated decomposition rates of litter captured and buried within digs (Whitford and Kay 
1999). In this study the measured accelerated decomposition rates in the forage digs were 
not explained by the temperature and relative humidity readings obtained.  
The focus of this study was to measure temperature and relative humidity of the soil surface 
of forage digs in comparison to the soil surface of non-digs. However through the course of 
the decomposition experiment the decomposing litter became partly buried beneath the 
soil surface through the natural infilling process of digs. Thus temperature and relative 
humidity measurements below the soil surface would have likely been better suited at 
explaining the accelerated decomposition rates within the digs compared to non-digs 
(Eldridge and James 2009; Travers and Eldridge 2015).  This highlights a limitation of the 
study and future research should be focused on measuring decomposition as a function of 
soil temperature, soil relative humidity, and soil moisture. 
Soil moisture readings at the lower extremes did correspond with the literature (Day and 
Detling 1994; Bulova 2002), where a 37% increase in soil moisture was observed with an 
increase in dig size. This suggests during periods of low soil moisture conditions (i.e. an 
extended period of time following a water capture event), larger digs maintain soil moisture 
for longer. The high soil moisture conditions of buried litter in digs, promotes microbial and 
arthropod activity (Travers and Eldridge 2015), resulting in higher rates of decomposition in 
digs, in comparison to non-digs (Whitford and Kay 1999). Thus aardvark forage digs do 
maintain increased soil moisture conditions for accelerated litter decomposition, which 
facilitates the generation of their digs into fertile hotspots across the landscape.  
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Conclusion 
This study grows our understanding of the greater role of the aardvark as an ecosystem 
engineer, through demonstrating the functional roles of the small and otherwise neglected 
forage digs. These digs play a key role in the formation of nutrient (through accelerated 
decomposition rates of litter as a function of increased soil moisture in digs) and seed 
retention hotspots with higher seed abundance and diversity. Forage digs will contribute to 
increased plant diversity; facilitate the germination of high abundances of small seeded and 
perennial grasses particularly during periods of high seed production and to increased 
grazing potential as well as reduced erosion across a landscape. Due to their high 
abundance and greater spatial distribution relative to refuge digs (Chapter 2), the ecological 
impacts of aardvark forage digs are as important as those of refuge digs.  
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Chapter 4: General discussion 
 
Using a semi-arid environment as a research site, this study set out to evaluate the 
significance of the aardvark, a unique African endemic, as an ecosystem engineer and 
keystone species. In describing and quantifying the ecological patterns and processes driven 
by the aardvark through its digging activities, two novel objectives were achieved to 
successfully accomplish this aim. The first was the description and quantification of dig 
patterns (abundance), in relation to environmental features (i.e. elevation, vegetation 
features, soil features and prey features) and soil displacement of both aardvark forage and 
refuge digs in a semi-arid Karoo landscape (Chapter 2). Even though this study was carried 
out in one location (Samara) a wide variety of habitat types and elevations were measured. 
Due to the higher abundance of forage digs (in comparison to refuge digs) across the 
landscape (Chapter 2), the second objective was the measurement of the functional role of 
aardvark forage digs in generating fertile micro sites, by measuring plant litter, seed and soil 
capture, decomposition rates (including carbon and nitrogen release) and micro-climate of 
aardvark forage digs in a semi-arid Karoo landscape (Chapter 3). The implications of these 
objectives are reviewed below. 
Landscape pattern and extent of aardvark forage and refuge digs  
In terms of landscape pattern and extent of aardvark digs, we now know that aardvark do 
not dig refuge and forage digs evenly across the landscape. Refuge digs, and thus their 
process-level consequence (i.e. soil displacement), were largely restricted only to localised 
areas. These areas were categorised by a specific suite of environmental features (i.e. 
alluvial plains, characterised by soft, deep soils and habitat types characterised by low basal 
vegetation cover and soils with marked clay accumulation, such as Doringveld). Thus the 
well researched ecological role of aardvark refuge digs in maintaining plant and animal 
diversity, by providing refuge for a large variety of plant, invertebrate and vertebrate 
species (Jenkins 1990; Dean and Siegfried 1991; Taylor and Skinner 2000; Skinner and 
Chimimba 2005; Haynes 2012) is likely also restricted to these localised areas.  
Forage digs on the other hand were not constrained by these environmental features and 
occurred at high abundances across most habitats and elevations. This study observed 
forage digs on terrain expected to be difficult for aardvark to access and forage on (elevated 
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rocky steep slopes; van Aarde et al. 1992; Taylor et al. 2002; Taylor and Skinner 2003; 
Whittington-Jones 2006). Aardvark foraging for isolated termitaria in particular was not 
hindered by difficult terrain, as found in this study, supporting the reports of Taylor and 
Skinner (2003) and van Aarde et al. (1992). Forage dig patterns are therefore probably 
driven by prey availability (i.e. abundance) and the likely distribution of prey (van Aarde et 
al. 1992; Taylor and Skinner 2004) in relation to environmental features, as suggested by 
literature (Levick et al. 2010; Davies et al. 2014).  
Therefore, the processes driven by aardvark digging are not only restricted by the 
distribution of refuge digs, but can occur in most habitats due to the widespread 
distribution of forage digs. In the broader context of Sub-Saharan African, throughout which 
the range of the aardvark extends (van Aarde et al. 1992; Taylor and Skinner 2004; 
Whittington-Jones 2006), the ecological consequences of aardvark digging will be 
widespread in most habitats. 
The displacement of soil by aardvark forage and refuge digs across the landscape which had 
previously gone unmeasured, points towards different functional roles on influencing soil 
horizon processes between digs. While refuge digs displaced considerably more soil 
compared to forage digs, they likely influence soil processes (i.e. aeration, organic turnover, 
and mineralization rates; Laundré and Reynolds 1993) at deeper infertile soil horizons only 
in localised areas on the landscape. Forage digs likely influence a greater surface area of soil 
processes at shallower fertile soil horizons, generating more fertile patches of soil at greater 
spatial scales. This highlights the important ecological role played by the more abundant and 
widespread forage digs, thus verifying the greater role of the aardvark as an ecosystem 
engineer, than has been previously recognized (Whittington-Jones 2006).  
In comparison to other biopedturbators and ecosystem engineers of Europe and North 
America resppectively, such as European rabbits (which excavate 130-4400 digs per ha; 
Bravo et al. 2009) and prairie dogs (which excavate 50-300 digs per ha;  Whicker and Detling 
1988) the aardvark is comparable in the density of digs it generates (6-135 forage and 
refuge digs per ha). In comparison to other biopedturbators and ecosystem engineers of 
Asia and Africa respectively, such as the Indian crested porcupine (with an average dig 
volume of 9.40 x 10-4 m3 and soil displacement of 3.4 m3 per ha; Alkon 1999) and Cape 
porcupine (with an average dig volume of 6.45 x 10-4 m3 and soil displacement of 1.6 m3 per 
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ha; Bragg et al. 2005), the aardvark excavates larger forage digs (with an average dig volume 
of 1.89 m3 ± 0.88 m3) and refuge digs (with an average dig volume of 3.38 m3 ± 2.94 m3) and 
generates greater soil displacement (> 26 m3 per ha). Therefore as the aardvark and its digs 
are comparable and surpass those generated by other biopedturbators described as 
ecosystem engineers, and in terms of the criteria of Jones et al. (1996), the aardvark’s status 
as an ecosystem engineer and dominant digger of Africa is supported.    
Ecological processes driven by aardvark forage digs  
This study enhances the existing knowledge of the aardvark’s role as an ecosystem 
engineer, by highlighting the importance of forage digs in generating fertile hotspots. They 
capture more litter than the surrounding unexcavated soil matrix, which then decomposes 
at an accelerated rate due to increased soil moisture conditions within the digs. The digs 
also serve as seed retention hotspots, capturing a high abundance (in particular of small 
seeded species and perennial grasses) and diversity of plant seeds. These digs also serve as 
seed retention hotspots across a landscape as important seed forage sites for granivorous 
species (Chambers and MacMahon 1994; Alkon 1999; Bragg et al. 2005). 
Furthermore with the provision of a fertile growing environment, the digs serve as 
germination hotspots (Dean and Milton 1991; Milton and Dean 1995). Thus the aardvark is 
responsible for increased plant productivity and diversity across landscapes and facilitates 
the establishment of small seeded species (which would otherwise not germinate on the 
unexcavated soil surface), as well as the establishment of perennial grasses. In comparison 
to the smaller digs of its African and Australian counterparts: the Indian crested porcupine 
(Alkon 1999), Cape porcupine (Bragg et al. 2005), short-beaked Echidna (Eldridge and 
Mensinga 2007), greater bilby and burrowing bettong (James 2009); even the small forage 
scrapes (10 cm deep) of the aardvark function in the same way, by serving as resource sinks, 
facilitating higher plant germination and the establishment of increased plant productivity 
and diversity. This pattern is predicted to vary spatially and temporally according to the size 
and composition of seed pools available (Milton and Dean 1995; Fenner and Thompson 
2005). 
In a broader context, due to the widespread distribution and abundance of aardvark forage 
digs across most habitats, the aardvark likely increases plant productivity  and diversity 
(Dean and Milton 1991) across much of Sub-Saharan Africa, improving habitat 
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heterogeneity, animal diversity, and thereby ecosystem function (Whitford and Kay 1999; 
Reichman and Seabloom 2002; Eldridge 2004). The aardvark has a disproportionate effect in 
ecosystems, in terms of its refuge digs (Chapter 2 and Chapter 3; Jenkins 1990; Dean and 
Siegfried 1991; Taylor and Skinner 2000; Skinner and Chimimba 2005; Haynes 2012) and 
forage digs (Chapter 2 and Chapter 3; Dean and Milton 1991). 
Future research 
Chapter 2 suggests that prey availability (independent of aardvark digs) in relation to 
environmental features (i.e. elevation, soil features and vegetation features) should be the 
focus of future research. By determining prey availability in relation to environmental 
features, accurate predictions of patterns of aardvark forage digs and their process-level 
consequences (i.e. soil aeration, water infiltration, organic turnover and mineralization 
rates; Laundré and Reynolds 1993) can be extrapolated across any Sub-Saharan African 
landscape. 
Future research should be focused on measuring decomposition in digs as a function of soil 
temperature and soil relative humidity, as identified in Chapter 3.  Temperature and relative 
humidity measurements below the soil surface would have likely been better suited at 
explaining the accelerated decomposition rates within forage digs compared to non-digs 
(Eldridge and James 2009; Travers and Eldridge 2015).  
Threats to the aardvark and future conservation management 
As dominant diggers of Africa, the aardvark, by generating forage and refuge digs, is the only 
species with such extensive ecological impacts of this nature. The loss of aardvark would 
have a disproportionately large effect on the dependent animal species (Jenkins 1990; Dean 
and Siegfried 1991; Taylor and Skinner 2000; Skinner and Chimimba 2005; Haynes 2012) 
some of which have been described as critically endangered, such as the blue swallow (Bond 
1994; Evans and Bouwman 2010). A cascading effect of loss in plant productivity and 
diversity, with resultant reduced habitat heterogeneity, would also have adverse impacts on 
animal diversity (Whitford and Kay 1999; Reichman and Seabloom 2002; Eldridge 2004). The 
aardvark is already recognised as a priority species for conservation in Africa due to its 
phylogenetic uniqueness (Kuntner et al. 2010). My findings show the need to conserve the 
aardvark to maintain ecological patterns and processes driven by its digging activities. Thus 
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given its phylogenetic and ecological importance, this African endemic should be a 
conservation priority. 
This is especially important, considering nearly every habitat in Africa has some degree of 
degradation and many species, including the aardvark, are under threat from rapid human 
development, habitat loss and hunting (Burgess et al. 2004). Aardvark numbers have already 
begun to fall in central and West Africa due to increased hunting and habitat loss (Kingdon 
et al. 2013; IUCN 2014).  
In addition, climate change is a certain impeding threat to the aardvark (Weyer et al. 2016). 
A large portion of the aardvark’s range is predicted to experience increasing temperatures, 
increased aridity and more frequent and extended drought periods (Christensen et al. 
2007). These conditions are predicted to negatively impact the physiological well-being of 
aardvark and/or the availability of their prey and may have devastating consequences on 
aardvark populations (Weyer et al. 2016). This decline and probably range contraction of the 
aardvark will have cascading effects on plant and animal diversity. In particular, predicted 
declines in perennial grass establishment resulting from loss in aardvark, will cause large 
scale loss in grazing potential of habitats and increased erosion rates (Wiegand et al. 1997). 
Conclusion 
The charismatic aardvark is an African endemic, whose role as an ecosystem engineer and 
keystone species is supported by a pattern of high density and widespread ecological 
consequences of both refuge and forage digs. My study in conjunction with past research 
provides a quantitative knowledge base on the role of aardvark in ecosystem function. In 
the context of aardvark conservation, the aardvark is a priority for phylogenetic and 
ecological reasons.  
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Appendices 
 
 
Table A1. Linear mixed-effects model selection results and best model ANOVA tests for 
trends in temperature, relative humidity and soil moisture at the lower extremes (10th 
quantile), median (50th quantile) and upper extremes (90th quantile) in digs and non-digs. 
  Model selection  ANOVA tests 
  Candidate models K AIC ∆ AIC LL df P  F df P 
            
Te
m
pe
ra
tu
re
 (°
C)
 
Lower extremes           
DS x T x S  225.05  -100.08  0.45 *  0.57 1, 36 0.45 
DS x T 6 407.32 182.28 -196.80 4 0.50  0.50 1, 36 0.49 
DS 4 439.13 214.08 -215.17 2 0.62  0.26 1, 12 0.62 
           Median           
DS x T x S  239.98  -107.55  0.60 *  0.30 1, 36 0.60 
DS x T 6 403.16 163.17 -194.72 4 0.50  0.54 1, 36 0.50 
DS 4 428.89 188.90 210.05 2 0.91  0.01 1, 12 0.91 
           Upper extremes           
DS x T x S  252.10  -113.61  0.50 *  0.46 1, 36 0.50 
DS x T 6 405.63 153.53 -195.96 4 0.57  0.33 1, 36 0.57 
DS 4 427.39 175.29 -209.30 2 0.72  0.13 1, 12 0.72 
            
Re
la
tiv
e 
hu
m
id
ity
 (%
) 
Lower extremes           
DS x T x S  298.85  -136.98  0.38 *  0.78 1, 36 0.38 
DS x T 6 436.08 137.23 -211.18 4 0.53  0.41 1, 36 0.53 
DS 4 482.92 184.07 -237.07 2 0.60  0.29 1, 12 0.60 
           Median           
DS x T x S  320.80  -147.96  0.71 *  0.15 1, 36 0.71 
DS x T 6 426.47 105.67 -206.38 4 0.01  6.66 1, 36 0.01 
DS 4 516.29 195.49 -253.75 2 0.65  0.21 1, 12 0.65 
           Upper extremes           
DS x T x S  352.72  -163.92  0.60 *  0.27 1, 36 0.60 
DS x T 6 460.02 107.30 -223.15 4 0.07  3.39 1, 36 0.07 
DS 4 521.28 168.56 -256.25 2 0.98  0.00 1, 12 0.98 
            
So
il 
m
oi
st
ur
e 
(m
3 /
m
3 ) 
+  
Lower extremes           
DS x S  -94.96 0.41 55.48  0.60  0.29 1, 12 0.60 
DS 4 -95.37  52.55 2 0.03 *  6.05 1, 12 0.03 
           Median           
DS x S  -108.09 4.65 62.05  0.25  1.45 1, 12 0.25 
DS 4 -112.75  61.24 2 0.07 *  4.03 1, 12 0.07 
           Upper extremes           
DS x S  -77.48 0.34 46.74  0.63  0.25 1, 12 0.63 
DS 4 -77.83  43.78 2 0.84 *  0.04 1, 12 0.84 
                        
DS = Dig Size; T = Time of day; and S = Season 
K = number of model parameters; AIC = Akaike’s Information Criterion; ∆AIC = AIC difference relative to 
previously selected best-model; and LL = Log-likelihood 
+ Soil moisture varied little within a day; therefore Time of day was excluded as a fixed-effect from soil 
moisture model selection 
*, denotes best-model with constant slopes, not allowing for heteroscedastic variances 
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Figure A1. Relationship between temperature at the lower extremes (10th quantile), median 
(50th quantile) and upper extremes (90th quantile), and dig size, at 6 am (white markers, with 
blue trend lines) and 3 pm (grey markers, with red trend lines), in summer and winter.  
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Figure A2. Relationship between relative humidity at the lower extremes (10th quantile), 
median (50th quantile) and upper extremes (90th quantile), and dig size, at 6 am (white 
markers, with blue trend lines) and 3 pm (grey markers, with red trend lines), in summer 
and winter.  
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Figure A3. Relationship between soil moisture at the median (50th quantile) and upper 
extremes (90th quantile) and dig size (grey markers, with green trend lines). At lower 
extremes (10th quantile) dig size was a significant predictor of soil moisture, and as such was 
included in Chapter 3 (Fig. 3.8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
